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Abstract
Thresholds for discriminating the orientation of unreferenced horizontal and vertical lines were measured in subjects with
congenital nystagmus (CN) and normal observers and compared to the variability of torsional eye position. Orientation thresholds
were determined for horizontal and vertical lines between 0.7 and 5.6 in length, that were presented binocularly for 20–1280 ms.
The variability of torsional eye position was assessed using the magnetic search coil technique. Orientation thresholds improved with
line length and stimulus duration in both groups of observers. Some of the subjects with CN exhibited poorer than normal
thresholds, particularly when the length of the line was short. In addition, orientation discrimination in the subjects with CN was
consistently anisotropic, with signiﬁcantly lower thresholds for horizontal than vertical lines. The standard deviations of torsional
eye position were larger in the subjects with CN than in normal observers. However, orientation thresholds were poorer than
expected from the variability of torsional eye position in normal observers, and better than expected on the basis of torsional
variability in some of the subjects with CN. These results imply that torsional variability does not limit normal orientation
thresholds and that torsional eye movements in CN are compensated partially by extraretinal signals.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Typically, the incessant rhythmic eye movements that
characterize persons with congenital nystagmus (CN)
occur primarily in the horizontal plane. These eye
movements are accompanied by corresponding motions
of the retinal image. In persons with idiopathic CN, no
detectable abnormalities exist in the eye or the aﬀerent
visual pathways. Nevertheless, most persons with idio-
pathic CN have poorer than normal visual acuity, typ-
ically in the range of 20/25–20/80 (Abadi & Worfolk,
1989; Bedell & Loshin, 1991) as well as poorer than
normal performance on hyperacuity tasks (Bedell &
Ukwade, 1997; Ukwade & Bedell, 1999).
Visual performance varies with the parameters of the
eye movements in CN, most notably the duration of the
foveation periods (Abadi & Worfolk, 1989; Sheth,
DellOsso, Leigh, Doren & Peckham, 1995). Foveation
periods are deﬁned as the brief intervals during the CN
wave form when retinal image velocity is a few deg/s or
less, and the image is on or near the fovea (DellOsso,
1973; DellOsso & Daroﬀ, 1975; Sheth et al., 1995;
Ukwade & Bedell, 1992). In persons with CN, better
visual acuity (Abadi & Worfolk, 1989; Cesarelli, Bifulco,
Loﬀredo & Bracale, 2000; Currie, Bedell & Song, 1993;
DellOsso & Daroﬀ, 1975; Sheth et al., 1995; Simmers,
Gray & Winn, 1999) and hyperacuity (Bedell & Ukw-
ade, 1997; Ukwade & Bedell, 1999) are associated with
longer foveation periods. Better visual acuity is associ-
ated also with less position variability in the foveation
periods from cycle to cycle of the nystagmus (Bedell,
White & Abplanalp, 1989; Cesarelli et al., 2000).
In addition to their incessant to-and-fro eye move-
ments, many individuals with horizontal CN also exhibit
smaller amplitudes of ocular oscillation around the an-
terior–posterior axis (Averbuch-Heller, DellOsso,
Leigh, Jacobs & Stahl, 2002; Bedell & White, 1995; Bour
& Apkarian, 1999; Straumann, Zee & Solomon, 1997;
*Corresponding author. Tel.: +1-713-743-1930; fax: +1-713-743-
2053.
E-mail address: hbedell@optometry.uh.edu (H.E. Bedell).
0042-6989/02/$ - see front matter  2002 Elsevier Science Ltd. All rights reserved.
PII: S0042-6989 (02 )00199-2
Vision Research 42 (2002) 2395–2407
www.elsevier.com/locate/visres
Tani, 1981). For example, published eye position re-
cords obtained with a fundus videorecording technique
in three subjects with CN show peak-to-peak changes in
torsional eye position that range between 5 and 10
(Tani, 1981). These ranges correspond to torsional SDs
of approximately 1–2. In normal subjects, the vari-
ability of torsional eye position during ﬁxation is larger
than the variability of horizontal or vertical eye posi-
tion, but reported SDs range only between about 70 and
300 for ﬁxation intervals of several seconds (Enright,
1990; Ferman, Collewijn, Jansen & van den Berg, 1987;
Ott, Seidman & Leigh, 1992; van Rijn, van der Steen &
Collewijn, 1994).
If subjects with CN exhibit excessive torsional vari-
ability during the nystagmus wave form, this variability
might be expected to limit orientation discrimination. If
so, this limitation should be most evident for targets that
are presented brieﬂy at random times with respect to
the CN wave form. For targets of long duration, ori-
entation discrimination could improve because of the
possibility for averaging across torsional eye positions.
If averaging occurs, then orientation discrimination for
long-duration targets might depend primarily on the
variability of torsional eye position during the foveation
periods, which could be considerably less than during
the entire CN wave form. Note that the above expec-
tations assume that no sensory compensation exists for
the ﬂuctuations of torsional eye position during the CN
wave form. However, extraretinal signals for the eye
movements in CN have been shown to compensate for
changes in the horizontal position of the retinal image
that occur during the nystagmus (Bedell & Currie, 1993;
Goldstein, Gottlob & Fendick, 1992; Leigh, DellOsso,
Yaniglos & Thurston, 1988; vom Hofe, 1942). And,
evidence from normal observers indicates that extrare-
tinal signals compensate partially for changes in retinal
image orientation that result from the variations of
static torsional eye position in tertiary positions of gaze
(Haustein & Mittelst€adt, 1990; Nakayama & Balliet,
1977). On the other hand, normal observers judg-
ments of the subjective visual horizontal indicate no
compensation for changes in static eye torsion that
are induced during angular body rotation (Wade &
Curthoys, 1997).
In normal observers, the threshold for orientation
discrimination improves with the length (Andrews,
Butcher & Buckley, 1973; Bouma & Andriessen, 1968;
Heeley & Buchanan-Smith, 1998; Orban, Vandenbus-
sche & Vogels, 1984; Scobey, 1982; Vandenbussche,
Vogels & Orban, 1986; Watt, 1987; Westheimer, 1998;
Westheimer & Ley, 1997; Williams, Enoch & Essock,
1984) and duration (Andrews, 1967; Watt, 1987) of the
stimulus. In addition, orientation thresholds are better
for stimuli along the principal retinal meridians than for
oblique targets (Andrews, 1967; Bouma & Andriessen,
1968; Orban et al., 1984; Vandenbussche et al., 1986;
Vogels, Orban & Vandenbussche, 1984). Our study
compared thresholds for discriminating the orientation
of horizontal and vertical lines in normal observers and
subjects with CN. The length and the exposure duration
of the target lines were varied parametrically. Unlike
some previous studies of normal orientation discrimi-
nation (e.g. Andrews, 1967; Andrews et al., 1973; Bou-
ma & Andriessen, 1968; Watt, 1987) the orientation task
that we used presented the subjects with no explicit
reference target(s). Although optimal orientation dis-
crimination thresholds in normal observers are similar
in magnitude to the SDs of torsional eye position during
ﬁxation, it remains unclear whether these two measures
are linked. Based on the results from other investiga-
tions (Bedell & White, 1995; Ukwade, Bedell & White,
1993), we were able to compare our subjects orientation
thresholds to the variability of their torsional eye posi-
tion.
2. Methods
2.1. Subjects
Seven subjects with idiopathic CN and three normal
adults participated in these experiments subsequent to
their written informed consent. The experimental pro-
tocol was approved by the University of Houston
Committee for the Protection of Human Subjects. Vi-
sual and oculomotor characteristics of the subjects with
CN are summarized in Table 1. The summary eye-
movement data presented in the Table are based on
binocular recordings of horizontal eye position, ob-
tained using infrared scleral reﬂection (Bedell & Loshin,
1991). These data indicate that the predominant wave
form is pendular in two of the subjects with CN and jerk
in the others. None of the subjects had a history of
muscle surgery. All of the normal subjects had normal
binocularity and ocular motility, and at least 20/20 vi-
sual acuity with best correction. Except for one of the
normal subjects, the subjects were naive as to the details
of the experiment.
2.2. Measurement of orientation discrimination
The stimulus for orientation discrimination was a
bright (100 cd/m2, measured using a Pritchard spectra
photometer) vertical or horizontal line. Line width was
nominally 0.40 and, in diﬀerent experimental runs, line
length was 0.7, 2.8, or 5.6. Exposure duration was
varied from 20 to 1280 ms, in one octave steps. The
stimulus was presented straight ahead on an HP 1311B
oscilloscope (240 Hz refresh rate), which the observer
viewed binocularly from a distance of 2 m. The ob-
servers head position was held constant with a bite bar
and the line stimulus was presented in complete dark-
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ness to eliminate the inﬂuence of visual reference cues.
Between trials, a small ﬁxation point indicated where the
line stimulus would appear. The observer initiated each
trial by pushing the button on a joystick and responded
by pressing the joystick in the perceived direction of line
tilt. For vertical lines, the observer indicated whether the
top of the line was tilted right or left of vertical and, for
horizontal lines, whether the left side was tilted up or
down from horizontal. There was no feedback for cor-
rect or incorrect responses.
Stimuli were presented using the method of constant
stimuli. On each trial, a line was presented at one of
seven pre-determined orientations: vertical (or horizon-
tal) and three equally spaced orientations tilted in the
clockwise and anticlockwise directions. A PC computer
controlled the presentation of the stimuli (produced
using a Hewlett-Packard 1351A graphics generator) and
kept a tally of the responses. The smallest changes in
orientation that could be presented depended upon the
length of the stimulus line: 0.52 for 0.7 lines, 0.13 for
2.8 lines, and 0.07 for 5.6 lines. Typically, the smallest
angular oﬀset from vertical or horizontal was 0.52, but
this value was varied according to the condition tested
and the observer in order to obtain an acceptable psy-
chometric function.
Orientation discrimination thresholds were estimated
by probit analysis. Each threshold estimate corresponds
to the orientation change required to improve perfor-
mance from 50% to 84% on the psychometric function,
compiled as the ‘‘right tilted’’ responses with respect to
the top of a vertical line or as the ‘‘down tilted’’ re-
sponses with respect to the left side of a horizontal line.
The orientation thresholds plotted in the ﬁgures below
represent the average of at least two replications per
condition.
Complete data sets (2 line orientations 3 line
lengths 7 exposure durations) were obtained for the
three normal observers and for ﬁve of the seven subjects
with CN. Each observer wore his or her best optical
correction during the experiments.
2.3. Measurement of torsional variability
The horizontal, vertical, and torsional positions of
one eye were measured during ﬁxation for the three
normal observers and for each of the subjects with CN
except MSG. Eye positions were recorded using a Skalar
combination silicone annulus, which adheres to the
subjects eye and contains two eﬀectively orthogonal
search coils. The subject sat with the measured eye (the
right eye, except for normal observer SC) at the center of
two orthogonal alternating magnetic ﬁelds produced by
the ﬁeld coils of a Skalar eye position meter 3000.
Viewing was binocular and the observers head was
stabilized with a bite bar to minimize the possibility of
eye-coil rotations as the result of head movements. Eye
positions were sampled at 250 Hz and stored via 12 bit
A/D channels on a Hewlett-Packard RS/20 computer
using custom software. Data analyses were performed
oﬀ-line.
The observers task was to sequentially ﬁxate a series
of nine red LEDs displayed on a black board, 2 m away in
a dimly lit room. One LED was positioned at eye level
and physically straight ahead of the observer; the re-
maining LEDs were distributed around the perimeter of a
24 24 square. Observers ﬁxated each sequentially il-
luminated LED for approximately 15 s, beginning and
ending with the one in straight-ahead gaze. They were
instructed to minimize blinks during the ﬁxation inter-
vals. With the exception of subject MS with CN, trials
were repeated three times during a single 30 min record-
ing session. This resulted in six ﬁxation records for the
straight-ahead gaze position (four for subject MS), which
are the only data that were analyzed for this report.
Immediately before or after recording from each
subject, the silicone annulus used in the experiment was
Table 1
Characteristics of subjects with CN
Subject Refractive error Snellen acuity
(OU)
Predominant wave
form
Amplitude (deg) Frequency
(Hz)
Foveation duration
(ms)
JH RE: plano 20/20 Aperiodic alternating 3.0 3.0 120
LE: plano
CFN RE: þ0:25 0:50 080 20/25 Pendular 4.7 2.8 60
LE: þ0.25 sphere
FR RE: þ5:50 3:75 180 20/100 Pendular 10.8 3.0 36
LE: þ5:75 4:50 168
MS RE: þ3:25 2:75 170 20/50 Bi-directional jerk 4.6 1.8 71
LE: þ3:25 2:50 005
AJ RE:3:00 1:75 005 20/30 Jerk left 7.7 5.0 64
LE: 3:00 1:00 003
MSG RE: 3:00 2:75 019 20/30 Periodic alternating 5.0 4.8 62
LE: 3:75 2:50 010
CRN RE: 4:00 2:25 020 20/40 Jerk left 5.0 3.0 112
LE: 4:75 1:50 010
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attached to a lucite model eye, which was rotated to
various horizontal, vertical, and torsional positions
(range ¼ 10). The model eye is constructed with di-
mensions similar to that of a human eye and is mounted
to rotate according to Ficks coordinate axes (Alpern,
1969). The resulting calibration records were used to
calculate the best ﬁtting relationship between the voltage
output of the coil system and degrees of angular rotation
around the horizontal, vertical, and torsional axes.
Calibration was always highly linear (typical r2 P 0:98),
and was repeatable to 2% horizontally and vertically
or 4% torsionally. Crosstalk between horizontal rota-
tions of the eye coil and the torsional output was 2% or
less. Consequently, a purely horizontal eye movement of
10 could have resulted in a change of the torsional eye
positional signal of as much as 0.2. The crosstalk be-
tween the vertical and torsional channels averaged 5%.
However, because the mean amplitude of vertical eye
movement among the six tested observers with CN was
only 0.36 (range ¼ 0:11–0.68), the inﬂuence of this
crosstalk was negligible.
Prior to analysis, each eye position trace was viewed
on a computer screen and the 10-s segment that con-
tained the fewest blinks (typically none or one) was
identiﬁed for analysis. Samples during and for about 1 s
after each blink were eliminated and replaced by ex-
tending the duration of the segment appropriately. The
mean and standard deviation (SD) of the torsional eye
positions during each segment were calculated in terms
of degrees of ocular rotation. For the observers with
CN, torsional SDs were also computed just during the
foveation periods of each 10-s sample. Foveation peri-
ods were identiﬁed as intervals of low velocity in the
horizontal eye position trace ( 4/s or less) that oc-
curred at approximately the same position from cycle to
cycle of the nystagmus. We did not deﬁne a speciﬁc
‘‘window’’ of eye position within which foveation peri-
ods had to occur because the beat-to-beat position
variability of low-velocity phases varies substantially
among observers with CN (Bedell et al., 1989; Cesarelli
et al., 2000; Ukwade & Bedell, 1992). No correction for
the position of the coil on the eye was applied to the raw
data because the calibration data indicated that the coil
was always oriented on the eye within a few degrees of
vertical.
3. Results
3.1. Orientation discrimination
Fig. 1 shows that unreferenced orientation discrimi-
nation thresholds, averaged for the three normal ob-
servers, improve with stimulus exposure duration, up to
approximately 640 ms. The improvement of orientation
thresholds with exposure duration is statistically signif-
icant, as indicated by a repeated measures analysis of
variance (Fdf¼6;12 ¼ 12:97, p ¼ 0:019). As is apparent
from a comparison of the three panels in Fig. 1, normal
orientation thresholds also improve signiﬁcantly with an
increase in line length (Fdf¼2;4 ¼ 14:27, p ¼ 0:046), as
reported previously by other investigators (Andrews,
1967; Bouma & Andriessen, 1968; Heeley & Buchanan-
Smith, 1998; Orban et al., 1984; Scobey, 1982; Van-
denbussche et al., 1986; Westheimer, 1998; Westheimer
& Ley, 1997). The data in Fig. 1 suggest that the nor-
mal observers thresholds are slightly better for vertical
than horizontal lines, but this diﬀerence does not reach
statistical signiﬁcance (Fdf¼1;2 ¼ 8:67, p ¼ 0:099). Our
statistical analysis indicated no signiﬁcant two-way in-
teractions between exposure duration, line length, or
orientation (smallest p value ¼ 0:41).
Fig. 1. Orientation discrimination thresholds in degrees plotted as a
function of target duration in ms, averaged for three normal subjects.
Each panel presents the thresholds for horizontal (j) and vertical (N)
lines of a diﬀerent length. The orientation thresholds for horizontal
and vertical lines in each panel are shifted slightly with respect to each
other on the x-axis to reduce overlap. Error bars represent 1 SD of
the means.
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The orientation discrimination thresholds of the
subjects with CN decrease with exposure duration
comparably to the thresholds of the normal observers
(Fig. 2). Orientation thresholds of the subjects with CN
also improve as the length of the target line increases, in
accordance with the normal results. Indeed, the orien-
tation thresholds for the two subjects with CN who have
the best visual acuity (JH and CFN) are very close to
normal for each combination of line length and stimulus
orientation. In contrast, the thresholds for subject AJ,
whose acuity is 20/30, are consistently higher than those
of the normal observers. Subject FR has the poorest
visual acuity of all of the subjects with CN. His orien-
tation thresholds are elevated substantially for 0.7 lines
but improve to essentially normal values for 2.8 and
5.6 horizontal lines.
In contrast to the normal observers, the orientation
thresholds for the subjects with CN are uniformly
poorer for vertical than for horizontal lines (Sign test:
p ¼ 0:008). The orientation anisotropy for the subjects
with CN is documented in the right hand columns of
Table 2, which presents each observers horizontal and
vertical thresholds for 2.8 lines at exposure durations of
20 and 1280 ms. For comparison, the data of the nor-
mal observers are tabulated also for the same stimulus
conditions. The errors tabulated with the thresholds
for both sets of observers are SDs that include both
within- and between-run variability. Inspection of Fig. 2
Fig. 2. Orientation discrimination thresholds in degrees plotted as a function of target duration in ms, for the individual subjects with CN. Each
panel presents data for a single line length and orientation. Incomplete data were obtained for subjects MSG (only 2.8 horizontal and vertical lines)
and CRN (only durations of 20, 640, and 1280 ms for 0.7 and 2.8 horizontal and vertical lines). The pair of dashed lines in each panel indicates 1
SD of the thresholds for normal observers, averaged across horizontal and vertical line orientations. Error bars are omitted to maintain clarity.
M.T. Ukwade et al. / Vision Research 42 (2002) 2395–2407 2399
indicates that a comparable threshold anisotropy exists
for the subjects with CN for intermediate exposure du-
rations of a 2.8 line, as well as for a longer (5.6) target
line. However, among the six subjects with CN who
were tested, no consistent horizontal–vertical anisotropy
exists when the target line is reduced to 0.7.
The logarithm of the orientation discrimination
thresholds for 2.8 horizontal and vertical lines is plot-
ted for each of the three normal observers as a function
of exposure duration in Fig. 3. Because the normal ob-
servers did not exhibit a signiﬁcant horizontal–vertical
anisotropy, a single exponential curve is ﬁt to both sets
of thresholds. The ﬁtted function indicates that orien-
tation discrimination thresholds improve with a time
constant of approximately 200 ms. This value is con-
siderably longer than the time constants between 40 and
80 ms that we obtained previously for letter (Chung &
Bedell, 1996), Vernier (Bedell & Ukwade, 1997), and
stereoscopic acuity (Ukwade & Bedell, 1999), using a
diﬀerent experimental paradigm. Speciﬁcally, the acuity
of the normal observers in these previous studies was
determined during periodic motion of the retinal image,
for diﬀerent durations of the simulated foveation period.
Also included in Fig. 3 are the horizontal and vertical
orientation thresholds measured for each subject with
CN for a target duration of 1280 ms. However, these
data are plotted in the ﬁgure at durations that corre-
spond to the cumulative time that each subject was es-
timated to have foveated the target during the 1280 ms
stimulus interval. The cumulative foveation time was
determined as the mean duration of the each subjects
foveation period multiplied by the number of CN cycles
per 1280 ms (i.e., foveation duration 1:28 s the
mean temporal frequency of the nystagmus). When
plotted as a function of the cumulative foveation time,
the orientation thresholds for horizontal 2.8 lines fall
within the normal range for four of the seven subjects
with CN. Similarly, the orientation thresholds for 2.8
vertical lines fall within the normal range for three of the
seven subjects with CN. These results indicate that the
elevated orientation thresholds exhibited by some of
the subjects with CN (see Fig. 2 and Table 2) cannot be
attributed to an eﬀective reduction of the targets ex-
posure duration, because of less eﬃcient visual infor-
mation processing during the non-foveating periods of
the CN wave form.
Table 2
Variability of torsional eye position and orientation discrimination thresholds for two target durations
Subject Torsional SD (deg) Orientation threshold (deg1 SD)
20 ms Duration 1280 ms Duration
Whole wave Foveation Horizontal Vertical Horizontal Verical
CN
JH 0.98 0.66 0.79 0.05 0.80 0.23 0.36 0.12 0.38 0.11
CFN 0.53 0.33 0.58 0.08 0.68 0.23 0.36 0.03 0.41 0.16
FR 0.99 0.82 0.61 0.02 1.00 0.27 0.60 0.07 1.15 0.23
MS 0.68 0.63 0.70 0.23 0.88 0.04 0.52 0.25 0.56 0.01
AJ 2.00 1.14 1.49 0.24 1.90 0.77 0.79 0.25 0.93 0.18
MSG – 0.63a 1.33 0.39 1.51 0.33 0.79 0.04 1.15 0.42
CRN 0.87 0.72 0.75 0.25 1.60 0.67 0.78 0.16 0.85 0.36
Average se 1.01 0.21 0.70 0.09 0.89 0.14 1.20 0.18 0.60 0.07 0.76 0.12
Normal
ML – 0.24 0.98 0.04 0.73 0.20 0.50 0.10 0.43 0.05
SC – 0.11 0.52 0.02 0.50 0.03 0.45 0.09 0.29 0.03
MU – 0.22 0.51 0.08 0.50 0.02 0.36 0.09 0.53 0.13
Average se – 0.19 0.04 0.67 0.16 0.58 0.08 0.43 0.04 0.41 0.07
aData from fundus videorecording.
Fig. 3. Log orientation threshold vs. stimulus duration for three
normal subjects, obtained for a 2.8 horizontal (j) or vertical (N) line.
Also included are the orientation thresholds (unﬁlled squares ¼
horizontal lines and unﬁlled triangles ¼ vertical lines) of seven subjects
with CN, plotted as a function of the ‘‘cumulative foveation’’ period
(see text for deﬁnition). The solid line is the exponential function that
best ﬁts the combined data of the normal subjects for horizontal and
vertical target lines.
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To evaluate the possible inﬂuence of horizontal reti-
nal image motion on orientation discrimination in our
observers with CN, we performed multiple-regression
analyses between the observers orientation thresholds
and the parameters (amplitude, frequency, intensity
(amplitude frequency), and foveation duration) of
their horizontal nystagmus. To conduct these analyses
we used the thresholds for horizontal and vertical 2.8
lines presented for 20 and 1280 ms, as complete data
were obtained for all of the observers with CN in these
conditions. A signiﬁcant relationship was obtained only
for the thresholds for a 20-ms horizontal target
(Fdf¼3;3 ¼ 10:25, p ¼ 0:044), which were related posi-
tively with the intensity (regression coefficient ¼ 0:05 
0:0091, p ¼ 0:012) and negatively with the amplitude
of the observers CN (regression coefficient ¼ 0:19 
0:049, p ¼ 0:031). The opposite signs of these two re-
gression coeﬃcients render the results of this analysis
diﬃcult to interpret. In addition, it is unclear why ori-
entation discrimination for horizontal lines should be
inﬂuenced substantially by the horizontal retinal image
motion in CN. No signiﬁcant relationship was found
between the parameters of horizontal CN and the ori-
entation threshold for 20- or a 1280-ms vertical target,
or for a 1280-ms horizontal target. Neither did we ﬁnd
evidence of signiﬁcant regression between the parame-
ters of CN and the orientation-threshold anisotropy
(vertical-line threshold–horizontal-line threshold) for
either 20-ms or 1280-ms targets (larger Fdf¼3;3 ¼ 2:04,
p ¼ 0:29).
3.2. Torsional variability
Median SDs of monocular torsional eye position
during 10 s of attempted straight-ahead ﬁxation are
presented in the left hand columns of Table 2. Median
values are used to prevent one abnormally large SD,
which was obtained on a single trial for one of the
subjects with CN (subject JH), from exerting an inor-
dinate inﬂuence on the results. The torsional SDs of the
subjects with CN range from 0.53 to 2.00 across the
entire CN wave form, and from 0.33 to 1.14 during
the foveation periods. Because subject MSG did not
participate in the search coil experiments, her torsional
variability during foveation periods was estimated from
the frame-by-frame playback of a fundus videorecord-
ing (Ukwade et al., 1993). In the normal observers, the
median SDs for torsional eye position during 10 s of
ﬁxation are on the order of 0.2. This value is consid-
erably smaller than the median SDs of the subjects with
CN, even when their torsional variability is considered
only during the foveation periods.
The optimal orientation discrimination threshold for
a 2.8 target with a duration of 20 ms is plotted against
the variability of torsional eye position, for six of the
subjects with CN and the three normal observers, in the
top panel of Fig. 4. The optimal threshold is deﬁned as
the better of each observers orientation threshold for a
horizontally or a vertically oriented 2.8 line (Table 2).
Presentations of the line target were not synchronized to
the CN wave form and little averaging of orientation
information across eye positions is possible when the
duration of the target is only 20 ms. Consequently, for
the subjects with CN, optimal orientation thresholds are
compared to the torsional SDs that were calculated
across the entire CN wave form. Across observers, the
optimal orientation threshold increases with the tor-
sional SD. However, two aspects of the data indicate
clearly that the orientation thresholds are not limited by
Fig. 4. Top. The optimal orientation discrimination threshold (in deg)
for 20-ms targets vs. the SD of torsional eye position. Data are shown
for three normal observers (j) and six observers with CN (). The
optimal orientation discrimination threshold is the better of each
subjects threshold for horizontal and vertical lines. The torsional SDs
were calculated during ﬁxation for the normal subjects and during the
entire CN wave form for the subjects with CN. The solid line is the best
ﬁt to the data of all nine subjects, using an additive variance model
(equation shown). Error bars are 1 SD of each subjects optimal
orientation threshold. Bottom. Optimal orientation discrimination
thresholds for 1280-ms targets vs. the SD of torsional eye position, for
three normal observers and seven subjects with CN. All details are as
in the top panel, except that the torsional SDs for the subjects with CN
were calculated only during foveation periods of the nystagmus wave
form.
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torsional eye-position noise. First, the optimal orienta-
tion thresholds of the normal observers (leftmost three
points on the plot) are larger than their torsional SDs
during ﬁxation. And, second, the orientation thresholds
of the three subjects with CN who have the greatest
torsional variability (rightmost three points on the plot)
are smaller than their torsional SDs.
The relationship between optimal orientation
thresholds and torsional eye-position noise is described
by the following equation, which we ﬁt to the data of all
nine subjects:
Orientation Threshold ¼ ðvarint þ a vartorÞ0:5 ð1Þ
This equation assumes that the orientation threshold is
determined by the sum of two variances, an internal
variance attributable to sensory orientation noise (varint)
and the variance of retinal image orientation attribut-
able to torsional noise (vartor, the square of the torsional
SD). Based on the approximately normal thresholds
exhibited by some of the subjects with CN, we assumed
that varint for a brieﬂy presented 2.8 line with the op-
timal orientation has the same value in normal observers
and subjects with CN. The parameter, a, in the equation
represents the fraction of the torsional variance that
contributes to the orientation threshold. In accordance
with the ﬁnding that some subjects orientation thresh-
olds are smaller than their torsional SDs, the ﬁtted value
of a is less than 1 (0:65 0:06). We elaborate on the
implications of this value of a below (Section 4).
When the duration of the target is extended to 1280
ms, the optimal orientation threshold still increases with
the torsional SD (Fig. 4, bottom). For the subjects with
CN, the optimal orientation threshold is now plotted
against the torsional SD during just the foveation peri-
ods. For the three normal subjects, the optimal orien-
tation threshold is plotted against the torsional SD
during ﬁxation, as in the top panel of Fig. 4. The ap-
plication of Eq. (1) to these long-duration data yields a
value of a (0:68 0:11), that is very similar to the value
obtained when the target duration is only 20 ms. How-
ever, as expected for a target of longer duration, the
ﬁtted value of the internal sensory noise decreases from
a variance of approximately 0.27 (SD ¼ 0:52) to a
variance of approximately 0.12 (SD ¼ 0:34).
We also compared our subjects discrimination
thresholds for 20- and 1280-ms lines in the non-optimal
(i.e., vertical) orientation to their torsional variability.
Reﬁtting Eq. (1) produced estimates of internal sen-
sory orientation noise of 0.58 and 0.38, respectively,
for target durations of 20 and 1280 ms which are simi-
lar to the values obtained using the optimal orienta-
tion thresholds (Fig. 4). However, because orientation
thresholds in the subjects with CN are uniformly higher
for vertical than for horizontal lines, the thresholds for
vertical lines remain greater than or equal to the tor-
sional SDs. Consequently, the values of a that we ﬁt to
our subjects vertical orientation thresholds using Eq. (1)
are 0:93 0:13 and 0:94 0:18 for target durations of
20 and 1280 ms, respectively. Neither of these values of a
diﬀer signiﬁcantly from 1.0.
4. Discussion
We found that orientation discrimination improves
similarly in normal observers and in persons with CN as
the length and duration of the stimulus line is increased.
Nevertheless, orientation discrimination thresholds are
poorer than normal in approximately half of the sub-
jects with CN, and are uniformly less precise for vertical
than for horizontal lines. However, as discussed below,
the horizontal–vertical anisotropy for orientation dis-
crimination is generally smaller than the previously re-
ported anisotropy in persons with CN for discriminating
the direction of Vernier oﬀset. Torsional eye position is
more variable in CN than in normal observers during
ﬁxation. Nevertheless, our results indicate that orienta-
tion discrimination thresholds are not limited by tor-
sional variability in either group of subjects. We will
consider each of these outcomes of our study in greater
detail in the following sections of the discussion.
4.1. Orientation thresholds in normal observers and in
subjects with CN
The orientation discrimination thresholds of our
normal observers improve gradually up to a presenta-
tion duration of at least 640 ms. Qualitatively, these
results agree with those of Andrews (1967) and Watt
(1987), who reported that orientation discrimination
thresholds improve up to the longest presentation du-
ration used in their studies (4 s and 1 s, respectively).
These earlier studies showed substantially larger
threshold improvements with duration, possibly because
the observers made judgments of relative, rather than
absolute orientation, and/or because the targets were
very short lines (100 or less). In our study, normal ob-
servers orientation discrimination improved up to the
maximum line length of 5.6, but there was no signiﬁ-
cant interaction between the length of the target line and
its duration. Previously, Orban and co-workers (Orban
et al., 1984; Vandenbussche et al., 1986) assessed abso-
lute orientation thresholds in normal observers and
found that thresholds decrease up to a line length
between 4 and 8. In contrast, optimal orientation
thresholds are reported for shorter line lengths in studies
that included visual targets which provided the observ-
ers with an explicit (Andrews et al., 1973; Bouma &
Andriessen, 1968; Watt, 1987) or implicit orientation
reference (Heeley & Buchanan-Smith, 1998; Scobey,
1982; Westheimer, 1998; Westheimer & Ley, 1997;
Williams et al., 1984).
2402 M.T. Ukwade et al. / Vision Research 42 (2002) 2395–2407
Except for subject FR, the orientation thresholds of
the subjects with CN decrease with line length in parallel
to the thresholds of the normal observers. We presume
that the dramatic decrease of FRs vertical and hori-
zontal orientation thresholds between a line length of
0.7 and 2.8 (Fig. 2) is related to his poor visual acuity.
A similar large improvement of the orientation thresh-
old with line length has been found in amblyopic eyes
(Vandenbussche et al., 1986), and in normal observers
when a range of much shorter line lengths is used (An-
drews et al., 1973; Orban et al., 1984; Westheimer &
Ley, 1997; Williams et al., 1984).
The orientation discrimination thresholds of our
normal observers are slightly, but not signiﬁcantly,
lower for vertical than for horizontal lines. Although
Heeley and Buchanan-Smith (1998) reported that ori-
entation thresholds were lower for horizontal than ver-
tical lines in their two normal observers, no consistent
horizontal–vertical anisotropy is evident in the results
reported for normal observers in the literature (An-
drews, 1967; Mann, Berthelot-Berry & Dauterive, 1949;
Orban et al., 1984; Westheimer & Beard, 1998).
In contrast, the subjects with CN exhibit uniformly
higher orientation discrimination thresholds for vertical
than for horizontal lines. Potentially, this horizontal–
vertical anisotropy could be accounted for on the basis of
contrast sensitivity, which typically is reduced for verti-
cally compared to horizontally oriented targets in per-
sons with horizontal CN (Abadi & Sandikcioglu, 1975;
Abadi & King-Smith, 1979; Bedell & Loshin, 1991).
Decreased sensitivity for vertical targets is attributable in
part to the rapid horizontal motion of the retinal image
and the associated motion smear (Dickinson & Abadi,
1985). In addition, many persons with CN have sub-
stantial with-the-rule astigmatism (Dickinson & Abadi,
1984; Sampath & Bedell, 2002), which can produce an
orientation-speciﬁc loss of sensitivity known as merid-
ional amblyopia (Bedell & Loshin, 1991; Mitchell,
Freeman, Millodot & Haegerstrom, 1973). However,
Abadi and King-Smith (1979) found higher contrast
detection thresholds for vertical than for horizontal lines
even in non-astigmatic subjects with horizontal CN. They
concluded that the basis of this anisotropy was neural,
because it persisted when the lines were ﬂashed for only a
fraction of a ms––too brieﬂy for thresholds to be inﬂu-
enced by retinal image motion or smear.
However, this documented meridional impairment of
contrast sensitivity in persons with CN does not neces-
sarily translate into poorer orientation discrimination
for vertical targets. With the exception of stimuli near
the contrast-detection threshold (which is clearly not the
situation in our experiment), the orientation discrimi-
nation thresholds of normal observers are relatively in-
dependent of the detectability of the target (Regan &
Beverley, 1985; Skottun, Bradley & Freeman, 1986). Of
particular relevance is a study by St. John (1997), who
documented meridional reductions of contrast sensitivity
in subjects with substantial astigmatism, but found no
corresponding elevation of their orientation discrimina-
tion thresholds. The orientation discrimination thresh-
olds determined for normal observers using long lines are
also largely independent of retinal eccentricity (Scobey,
1982; Vandenbussche et al., 1986), suggesting that oﬀ-
foveal imaging during the non-foveating phases of the
CN wave form is unlikely to contribute to the elevated
discrimination thresholds for vertical line targets. In
agreement with this suggestion, multiple-regression an-
alyses failed to reveal a signiﬁcant relationship between
the horizontal–vertical orientation-threshold anisotropy
in our subjects with CN and the parameters of their
horizontal retinal image motion.
What, then, may account for the elevation of vertical
orientation discrimination thresholds in persons with
horizontal CN? Abadi (1974) measured contrast
thresholds for vertical and horizontal gratings that were
superimposed onto masking targets with various orien-
tations. These psychophysical data provided estimates
for the bandwidths of vertical and horizontal orienta-
tion-tuned spatial mechanisms. In the one subject with
horizontal CN who was tested, a mechanism tuned to
vertical grating stimuli had a bandwidth that was ap-
proximately 65% broader than the corresponding spa-
tial-frequency mechanism tuned to horizontal stimuli.
Mechanisms with broader bandwidths would be ex-
pected to yield less acute discrimination (Burr & Wi-
jesundra, 1991; Snowden, 1992). Consequently, a similar
diﬀerence between the bandwidths of vertically vs. hor-
izontally tuned spatial mechanisms in our subjects with
CN could account for their poorer orientation discrim-
ination thresholds for vertical lines.
4.2. Comparisons between orientation and Vernier thresh-
olds in subjects with CN
Previously, Bedell and Ukwade (1997) reported that
Vernier thresholds are anisotropic, and frequently
higher than normal in individuals with idiopathic CN.
The Vernier targets that were used in our earlier study
were a pair of bright 30-arc min horizontal or vertical
lines, presented binocularly for an unlimited viewing
duration. Fig. 5 compares the Vernier thresholds of
normal observers and ﬁve subjects with CN to the ori-
entation thresholds measured in the present study, de-
termined for a target duration of 1280 ms. Both sets of
thresholds are plotted against ‘‘separation.’’ For Vernier
thresholds, the separation corresponds to the size of the
spatial gap between the two lines that comprise the
Vernier target. In previous studies, this deﬁnition of
separation yielded similar thresholds for Vernier targets
that were composed of dots or lines (Beck & Schwartz,
1984; Watt, 1984). For orientation, we deﬁne the sepa-
ration as the distance between the endpoints of the line,
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i.e., the line length. In order to express Vernier and
orientation thresholds in comparable units, the orien-
tation thresholds in Fig. 5 are converted to the spatial
oﬀset (in arc sec) between the endpoints of the line, in
the direction perpendicular to the lines orientation.
Because the separation of the Vernier lines ranged up to
just 800 in our previous study (Bedell & Ukwade, 1997),
the two sets of data overlap over a limited range.
In the normal observers, Vernier and orientation
thresholds change in parallel over the range of separa-
tions within which both of these thresholds were mea-
sured. However, as reported previously by numerous
other authors (Andrews et al., 1973; Orban et al., 1984;
Watt, 1984; Westheimer, 1982, 1996; Westheimer & Ley,
1997; Williams et al., 1984), the orientation thresholds
are lower by approximately a factor of 2. A comparable
relationship is seen for the Vernier and orienta-
tion thresholds of the subjects with CN, if one considers
only the results for vertical target lines. In contrast, the
Vernier and orientation thresholds for horizontal lines
are approximately equal (within the range of overlap-
ping separations) in all of the subjects with CN except
JH. Consequently, for four of the ﬁve subjects with CN,
the anisotropy between horizontal and vertical thresh-
olds is greater for Vernier than for orientation discrim-
ination.
Several previous studies in normal observers con-
cluded that Vernier and orientation thresholds are re-
lated, at least for some conﬁgurations of the Vernier
stimulus (Andrews et al., 1973; Beck & Halloran, 1985;
Morgan, 1991; Sullivan, Oatley & Sutherland, 1972;
Watt, 1984; Watt, Morgan & Ward, 1983; Watt &
Campbell, 1985). On the other hand, Westheimer (1982,
1996) stressed diﬀerences in the dependence of Vernier
and orientation discrimination thresholds on separation,
and concluded that a single mechanism is unlikely to be
responsible for both of these forms of spatial acuity.
Other studies showed that Vernier thresholds for sepa-
Fig. 5. Thresholds for discriminating Vernier oﬀset and line orientation vs. the spatial separation between the proximal edges of the two Vernier lines
or the distal endpoints of the orientation target. The smaller squares and triangles represent Vernier thresholds for targets composed of two hori-
zontal or vertical lines, respectively. Abutting Vernier lines are represented at 0.1 on the x-axis. The larger squares and triangles show the orientation
thresholds for single horizontal or vertical lines, respectively. The ﬁlled symbols in the bottom right hand panel are the average data for three normal
observers. The unﬁlled symbols in the other panels are the individual data for ﬁve subjects with CN.
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rated targets do not necessarily increase linearly with the
separation between the targets (Hess &Hayes, 1993; Levi
& Klein, 1990), as would be expected if an orientation-
sensitive mechanism were responsible for these Vernier
thresholds. Our ﬁnding that a larger horizontal–vertical
anisotropy exists for Vernier than orientation thresholds
in the majority of our subjects with CN is consistent with
the position that diﬀerent sources of information mediate
these two spatial thresholds, at least for separated Ver-
nier targets. In this regard, it is also noteworthy that a
substantially greater threshold elevation has been re-
ported in amblyopic eyes for separated Vernier targets
(Flom, Bedell & Barbeito, 1986; Fronius & Sireteanu,
1989; Hess & Holliday, 1992) than for orientation dis-
crimination using long target lines (Vandenbussche et al.,
1986; Vogels et al., 1984), particularly in subjects whose
amblyopia is associated with strabismus.
4.3. Orientation thresholds and eye torsion
The variability of torsional eye position that we
measured in normal observers during ﬁxation is less
than 0.25, which is similar to the values reported pre-
viously by other investigators (Ferman et al., 1987; Ott
et al., 1992; van Rijn et al., 1994). Torsional variability is
substantially larger in the subjects with CN, even when
torsional eye positions are sampled only during the
foveation periods of the CN wave form. Our measures
of torsional variability during CN are in reasonable
agreement with the results presented by Tani (1981),
which indicate that the SD of torsional eye position
during the entire CN wave form is on the order of 1–2.
The increased magnitude of torsional variability in
persons with CN might be expected to elevate orienta-
tion thresholds, at least for stimuli that are presented
brieﬂy enough to prevent any signiﬁcant averaging
across torsional eye positions. However, as illustrated in
Fig. 4 (top), normal observers orientation thresholds for
a brieﬂy presented 2.8 line are poorer than expected
from the variability of their torsional eye position dur-
ing ﬁxation. Consequently, we conclude that normal
orientation thresholds are not limited by the trial-to-trial
variability of torsional eye position, but rather by neural
noise in the sensory encoding and/or representation of
stimulus orientation. In some of the subjects with CN,
orientation thresholds for brieﬂy presented lines are
better than would be expected from the variability of
their torsional eye position. These data imply that the
visual system uses extraretinal signals of eye orientation
to compensate for a fraction of the variability of tor-
sional eye position during CN when it computes the
orientation of a ﬂashed target. The asymptotic slope of
the rising line ﬁt to the data in Fig. 4 is 0.65, which
implies that extraretinal compensation exists for ap-
proximately (1–0.65) or 35% of the variability of tor-
sional eye position. This estimate is smaller than
previous estimates of the compensation for changes in
static torsional eye position (50–80%) that occur in
normal observers during ﬁxation in tertiary positions of
gaze (Haustein & Mittelst€adt, 1990; Nakayama & Bal-
liet, 1977). Previously, we estimated that extraretinal
signals compensate for only approximately 75% of the
horizontal eye motion that occurs in individuals with CN
(Bedell & Currie, 1993).
As noted above, we concluded that the orientation
discrimination thresholds of normal observers are lim-
ited by sensory noise. Consequently, the gradual im-
provement of normal orientation thresholds with the
duration of the stimulus may be attributed to an in-
crease in the amount of sensory neural averaging. In
addition to an increase in sensory averaging, longer
stimulus durations also increase the opportunity for the
subjects with CN to use information about target ori-
entation from the foveation periods, when the variability
of torsional eye position is reduced (Table 2). For tar-
gets of long duration, the relationship between orienta-
tion thresholds and torsional variability (now, assessed
only during the foveation periods in the subjects with
CN) has almost the same asymptotic slope as that found
for targets of short duration (Fig. 4, bottom). The
similarity of the slopes for targets of short and long
duration suggest that extraretinal signals compensate
for approximately the same proportion of the variation
in torsional eye position between successive foveation
periods and during the entire CN wave form.
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